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A genetically attenuated malaria parasite as a non-infectious whole organism 
vaccine that confers sterile protection 

Malaria is a parasitic disease infecting 300-500 million and killing 2 million people each 
year. It is also the number one infectious threat facing the US soldier, and is the leading 
cause of all casualties during tropical deployments. In addition, malaria poses a great 
danger to tourists traveling in tropical countries. The Plasmodium parasites causing 
malaria become increasingly resistant to the small arsenal of available drugs, and there is 
no vaccine on the market. Thus, the situation is likely to worsen in the years to come. 
Plasmodium parasites are transmitted to the vertebrate host by mosquito bite, which 
inoculates the infectious sporozoite stage. Plasmodia are obligatory intracellular 
parasites and their progression through the life cycle involves invasion and intracellular 
replication in different types of host cells. When sporozoites are injected into the 
mammalian host together with the saliva of a biting mosquito they quickly enter the 
blood circulation and home in to the liver where they exit the blood vessel and invade 
hepatocytes. Here the parasite becomes a liver stage. The liver stages are the obligatory 
bridgehead between the sporozoite stage in the mosquito vector and the initiation of red 
blood cell infection by merozoites in the mammalian host. The spherical liver stages 
grow, undergo multiple rounds of nuclear division and finally differentiate into thousands 
of first generation merozoites. Thus, a few days following sporozoite invasion thousands 
of merozoites are released from the liver. They rapidly invade red blood cells and initiate 
the erythrocytic cycle, which causes the typical symptoms of malaria infection. 
Preventing liver stage development prevents malaria infection. 

An experimental vaccine that consists of gamma radiation-attenuated sporozoites elicits 
protective immunity in humans and animal models (Hoffman and Doolan, 2000; 
Hoffman et al. 9 2002; Nussenzweig and Nussenzweig, 1989). The attenuated parasites 
infect hepatocytes and initiate liver stage development however, they cannot replicate 
(Nussler et al. y 1989; Sigler et aL 9 1984). The irradiation dose is very critical for the 
success of this experimental vaccine. A low dose will not prevent DNA replication 
further liver stage development, and onset of malaria disease. A high dose of irradiation 
will kill the parasites and prevent early development, thereby preventing priming of the 
immune response. Because of these difficulties and because no other means have been 
available to properly attenuate the parasite, it has never been considered feasible to 
develop irradiated sporozoites into a vaccine. 

We have created a Plasmodium berghei parasite (a rodent malaria parasite used as a 
model to study malaria) that is genetically attenuated at the sporozoite stage. This was 
done by targeted disruption of a gene (knockout, ko) named S3/UIS4 (the mutant P. 
berghei parasite clone is herein referred to as: S3AJIS4 ko). The gene disruption 
(Menard and Janse, 1997) was done using insertion of a selectable marker into the 
S3/UIS4 locus (Figure 1). 

The S3/UIS4 (accession number: EAA21410) gene was previously identified by using 
differential gene expression screens with the related rodent malaria parasite species P. 
yoelii (see appended paper in press, which is incorporated by reference herein). The 



S3/UIS4 gene is expressed in salivary gland sporozoites but is not expressed in the 
parasites blood stages (see appended paper in press). 

Here, we show that S3/UIS4ko parasites show normal development of the mosquito 
stages of the parasite and develop normal numbers of sporozoites in the mosquito 
salivary glands. S3/UIS4ko sporozoites also infect the liver of experimental mice. 

However, we surprisingly discovered that the S3/UIS4ko parasites are defective in 
complete liver stage development and thus unable to initiate subsequent blood stage 
infection. Analysis of infection in the liver 48 hrs after inoculation of 25,000 S3/UIS4ko 
sporozoites into eight mice by reverse transcriptase (RT)-PCR using oligonucleotide 
primers to the parasite 18S ribosomal RNA (Bruna-Romero et al. 9 2001) showed that 
liver stages were undetectable at that time point in all eight mice (Figure 2). Five control 
mice each infected with 25,000 wildtype (wt) sporozoites showed liver stages at the same 
time point using the same RT-PCR protocol (Figure 2). 

Furthermore, ten mice each infected with 10,000 S3/UIS4ko sporozoites never developed 
a patent blood stage infection as monitored by microscopic examination of Giemsa- 
stained thin blood smears over a period of 30 days. 5 control mice each injected with 
10,000 wt sporozoites developed a patent blood stage infection after 3 days. 
Therefore, S3/UIS4ko sporozoites are attenuated and can be used to immunize mice 
without causing a blood stage infection. Four mice were immunized three times with 
S3/UIS4ko sporozoites (doses were 21,000, 20,000 and 10,000 sporozoites) and were 
then inoculated with 20,000 infectious wt sporozoites (challenge). The mice did not 
develop a blood stage infection as determined by thin blood smear over a period of 30 
days, showing that the immunization with S3/UIS4ko sporozoites had protected the 
animals against wt liver stage development and thus initiation of blood stage infection 
(sterile protection). Eight non-immunized control animals inoculated with the same 
number of infectious wt sporozoites developed blood stage infection after three days. 

We have identified the gene corresponding to S3/UIS4 in the human malaria parasite P. 
falciparum (accession number: NP_700638, PF10_0164). Thus, we expect that 
disruption of this gene will create a P. falciparum sporozoite that can be used to 
immunize and protect humans against malaria infection by mosquito bite. A genetically 
attenuated parasite defective in a defined gene would be preferable over radiation- 
attenuated sporozoites as an immunogen for reasons described above. 
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Figure 1 . Cartoon depicting the knockout strategy that was used to inactivate the S3/UIS4 gene 
(UIS4 in the cartoon). The targeting plasmid consists of a 5' and 3' truncated version of S3/UIS4 
and a drug-selectable marker (dhfr/ts). The right panel shows test PCRs on obtained knockout 
clones after transfection with primers at positions shown in the cartoon. PCR demonstrates that the 
targeting plasmid had integrated (INT) into the wildtype (wt) locus. 



J 



PbS3/UIS4 ko Pb wt 



Figure 2. RT-PCR shows that S3/UIS4ko parasites are unable to develop late liver stages. RT-PCR 
with oligonucleotide primers to the P. berghei (Pb) parasites 1 8S ribosomal RNA and RNA template 
extracted from the livers of infected mice 48 hours after inoculation of 25,000 sporozoites. The left 
eight lanes show no amplification from eight mice infected with PbS3/UIS4ko sporozoites and the 
right 5 lanes show positive amplification from 5 mice infected with wildtype (wt) sporozoites. 
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Differential transcriptome profiling identifies 
Plasmodium genes encoding pre-erythrocytic 
stage-specific proteins 




/TV 

specific interactions of the sporozoite withfthe mos- 
quito vector salivary glands prjtheim^animalian host 
hepatocyte and are not usj^^di^ing^nii%zoite--red 
blood cell interactions. <^%^0- 




Karine Kaiser, 1 * Kai Matuschewski, 2 * Nelly Camargo, n 
Jessica Ross 1 and Stefan H. I. Kappe 1 ** 

1 Michael Heidelberger Division, Department of Pathology, 
New York University School of Medicine, New York, NY 
10016, USA. 

2 Department of Parasitology, Heidelberg University 
School of Medicine, Heidelberg, Germany. 

Summary 

Invasive sporozoite and merozoite stages of malaria 
parasites that infect mammals enter and subse- 
quently reside in hepatocytes and red blood cells 
respectively. Each invasive stage may exhibit unique 
adaptations that allow it to interact with and survive 

in its distinct host cell environment, and these adap- ^J^membrarfe-bound compartment (parasitophorous vacu 
tations are likely to be controlled by differential gene #" 
expression. We used suppression subtractive hybrid- / 



Introduction 

Protozoa belonging tolHe /phylum Apicomplexa are obli- 
gate intracellulagparasites' and therefore entirely depen- 
dent on succ^ssllfcecognition and invasion of a suitable 
host cell tofaehieve |!ropagation. Host cell invasion is the 
task o^hjghly<sp.ecialized, invasive stages that attach to 
the host cejl^lasri^^embrane (PM) and generally enter 
by^a^jy^penetration powered by a unique parasite acto- 
r||fosln^ 2003). Concurrent with entry, 



ole, % PY) derived from the host cell PM forms around the 
parasi#(Lingelbach and Joiner, 1998). The PV separates 
ization (SSH) of Plasmodium yoelii salivary gland trje intracellular parasite from the host cell cytoplasm and 
sporozoites versus merozoites to identify stage^sp^ 
cific pre-erythrocytic transcripts. Sequencingjpf thel| 
SSH library and matching the cDNA sequences tofthe^ x 
P. yoe//7 genome yielded 25 redundantly tagged^genes^^ 
including the only two previously^^^acterizpd 
sporozoite-specific genes encoding^gcir,c|fffisporo- 
zoite protein (CSP) and thrombospbnci in-related 
anonymous protein (TRAP). Twelve riq^el genes 
encode predicted proteins witlpsignailpeptiaes, indi- 
cating that they enter the s&cr^^^^trnvay of the 
sporozoite. We show that<one|novelpjptein bearing a 
thrombospondin type^ns|^a||(TiR) exhibits an 



expression pattern thaftsuggests' localization in the 
sporozoite secretory^rhoptry^organel les. In addition, 
we identified a group of four genes encoding putative 
low-molecular-mass proteins. Two proteins in this 
group exhibit an expression pattern similar to TRAP, 
and thus, .possibly focalize in the sporozoite secretory 
micronem^%^R^te|i^s encoded by the differentially 
expressed%enes identified here probably mediate 

-tlx 
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-vides a sheltered environment for further development, 
sive stages harbour several unique secretory 
organelles (apical organelles) named micronemes, rhop- 
tries and dense granules (Aikawa and Sterling, 1974), 
each containing a complex assortment of proteins (Car- 
ruthers, 1999; Preiser era/., 2000). After an invasive stage 
initiates contact with a suitable host cell, an interaction 
that involves parasite surface ligands, the apical 
organelles sequentially discharge and release proteins 
that are instrumental in mediating the invasion process 
and the subsequent establishment of the intracellular 
phase. 

The malaria parasite Plasmodium uses three distinct, 
highly specialized invasive stages, the merozoite, the 
sporozoite and the ookinete, each adapted to interact with 
specific host tissues within the mosquito vector or verte- 
brate host. Merozoites, the invasive stage that enters red 
blood cells, are most frequently studied, mainly because 
blood stages can be obtained in sufficient quantity from 
continuous culture or animal infections (Blackman and 
Bannister, 2001). Therefore, this stage is amenable to 
routine biochemical and molecular biological analysis. 
Consequently, the biology and composition of the mero- 
zoite surface and its apical organelles are best under- 
stood, and most proteins have been characterized in this 
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stage (Preiser era/., 2000). In contrast, little is known 
about the surface and the apical organelles of salivary 
gland sporozoites (Kappe et al, 2003), the invasive para- 
site stage that is transmitted by mosquito bite and first 
establishes the mammalian infection with its entry into 
hepatocytes. Although the principal mechanisms of host 
cell invasion are probably shared between sporozoites 
and merozoites, it is considered likely that the set of sur- 
face proteins and apical organelle proteins expressed by 
each invasive stage differ significantly, reflecting the need 
to interact with entirely different host tissues. Expression 
of proteins that are required for recognition and invasion 
of hepatocytes is exemplified by the circumsporozoite 
protein (CSP), a sporozoite surface protein, and the 
thrombospondin-related anonymous protein (TRAP), a 
sporozoite micronemal protein (Menard, 2000), the only 
sporozoite -specific invasion-related proteins identified to 
date. 

We hypothesized that, by analysing differences in tran- 
script profiles of sporozoites and merozoites, it should be 
possible to identify sporozoite-specific transcripts, some 
of which may encode novel proteins of the sporozoite 
surface or the apical organelles. 



sequence (Carlton etaL, 2002). None of the sequenced 
clones was of mosquito origin. Twenty-five individual 
genome contigs were tagged by at least two cDNA clones, 
and we pursued further only these redundantly tagged^, 
genes to avoid an increased incidence of false potitive^P 
Notably, the SSH screen did not tag any oMh~e -knpwaX 
components of the Plasmodium invasion m^o7^^r^in-^ 
ery, i.e. MyoA (Pinder efa/., 1998; Matuscgewski etM, 
2001), MTIP (Bergman efa/., 2003) ,ana^/C^^|^iotz 
efa/., 1989; Matuschewski etaL, 2002a)"; These" proteins 
are shared among sporozoites and merozoitesiTo confirm 
whether the redundantly tagged. ,genes^aje|specifically 
expressed in sporozoites, w^proj^^dt-blots of repre- 
sentative cDNAs for each^^^^wiih^belled amplified 
total cDNA probes frorr^e|tl3er^a|vary gland sporozoites 
or mixed blood stages ,( Fig; 1a)?n^ a quality control for 
the blood-stage cDr^rjroj^e, we added a cDNA clone 
encoding the merozoite^surjace protein-1 (MSP-1 ) (Lewis, 
1989). Transcripts were detected for all 25 genes in sali- 
vary gland spprozoites, but no transcripts were detected 
in mixed blpci staglA/Ve thus named the genes S genes 



Results 

Identification of Plasmodium sporozoite-expressed genes, 
that are not expressed in blood stages 

Hepatocytes and red blood cells are dramatically djffer1||| 
types of host cells. Differential host cell interajtion^byj 
salivary gland sporozoites and merozoite^|^iay^be 
reflected by major expression differences of secreted ancH 
membrane-associated parasite Jigands, whereas comr3b- 
nents of the intracellular motor machinery are'probably 
shared among invasive stages. ThereforeVwe evaluated 
transcriptome differences of sporozoite^ and^merozoites. 
Using 5.2 x 10 5 highly pur\i\e6j$lasm0iu^^yoelii sporo- 
zoites, we obtained =25 ng oKpg|y(&) f RfslA. We per- 
formed a suppression subtl^ctjve'^bridization screen 
(SSH), a cDNA-based ^eenin^|tecnYiique that allows 
simultaneous normalization and subtraction of cDNA pop- 
ulations with low amounts ^f|stajtjng material (Diatchenko 
etaL, 1999). To eririch for^sporozoite-specific transcripts, 
we used the sporozoite cDWA as our tester and a 100- 
fold excess okcDN^obtained from a schizont-enriched 
blood-stage^paMsite^ fraction combined with uninfected 
salivary'^glands^as^ We hypothesized that, using 
this alproacr^we could minimize profiling of housekeep- 
ing gene-expre'ssion in sporozoites that is shared with 
merozoites;;^ as well as contaminating mosquito 
sequences?/' 

We obtained and sequenced 500 cDNA clones and 
matched their sequences to the R yoelii genome 



(S for^sjDordzbite^Qur approach was validated by the 
presence p%CsM|Nussenzweig and Nussenzweig, 1989) 
and TRA / R/SSP2 (Rogers efa/., 1992) that were among 
.the mosttabundant S genes, corresponding to S2 and S8 
^^espectively/(Fig. 2). Of the remaining S genes, two tran- 
# scnpts, S3/UIS4 and S7/UIS3, had been isolated previ- 
f- ously^in a screen designed to enrich for genes that are 
^gecifically upregulated in mature, infective salivary gland 
sporozoites and absent from oocyst sporozoites (Matus- 
Igjgehewski et al, 2002a). We analysed further expression of 
selected S genes by reverse transcriptase polymerase 
chain reaction (RT-PCR) using total RNA from sporozoites 
or mixed blood stages as templates. Expression in sporo- 
zoites was detected for all tested S genes, but no expres- 
sion could be detected in mixed blood stages (Fig. 1B). 
blastp search of the predicted proteins of Plasmodium 
falciparum (Gardner etaL, 2002) deposited in GenBank 
and PtasmoDB identified putative orthologues for all P. 
yoelii S genes except S3 and S12 (Fig. 2). The identifica- 
tion of P. falciparum S gene orthologues allowed us to 
compare our expression results with a recently published 
microarray expression analysis of P falciparum blood 
stages and sporozoites (Le Roch etaL, 2003) (Fig. 2). 
Most of the P falciparum S gene orthologues were highly 
induced in sporozoites compared with mixed asexual 
stages (ranging from ^620-fold induction in the case of 
S21fTRSP\o -40-fold induction for S1 and S2/CSP). S15 
and S20 showed low, but still significant, induction of four- 
and threefold respectively. Some R falciparum S genes 
(S6 t S9, S11, S17an6 S18) were expressed at low levels 
in blood stages and sporozoites. Our SSH screen possibly 
identified these S genes as differentially expressed 
because it included a normalization step, thus allowing for 
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Plasmodium pre-erythrocytic stage-specific gene expression 3 

and may provide important leads towards understanding 
stage-specific gene regulation, signal transduction as well 
as host cell recognition. The S1 gene encodes a 
amino-acid protein that contains three C3H1-type|zihc 
fingers in its amino-terminal portion. Proteins contaY||pi 
zinc finger domains of the C-x8-C-x5-C-x3-rHftypeLarl 
considered to be important regulatory proteins thaPexert 
their function through direct binding of the 3'fuWanslated 
region of various mRNAs. For instance,^'" u 



shown that tristetraprolin (UP), the/! 



e\of a class 



sporozoite probe 



blood stage probe 



sporozoites 

ST SI S2 S3 S< S5 S6 S7 S8 S12 S13 S19 S21 M -RT 



of C3H1 zinc finger proteins, binds c^gctly to J|te AU-rich 
elements of the tumour necrosis Jactor-. (TNF)ia mRNA, 
resulting in its destabilizationtanl® of 
TNFa production (Carballo^^A,^^^ai et a/., 1999). 
No function has been assigned |to the S1 protein yet 
(Gardner etai, 2002);|io^|eve^t^e presence of three 
C3H1 zinc fingers indicates^lfrole for S1 in post-transcrip- 
tional control of gene^xpjession that is specifically 
required in spojpzoites. ^?Sp 





Novef candidates foz-gjasmodium sporozoite-specific host 
cell interaction - ^V-V 

S2/0SPj3iri(i S&fRAP/SSP2 are essential for sporozoite 

.^mSr .m? .. ..... , . r „ 

development;- sporozoite motility as well as host cell rec- 
f ognjjtion aticr entry (Menard era/., 1997; Sultan era/., 
^ 199l)i>Both contain adhesion domains that confer specific 



Fig. 1. Identification of Plasmodium sporozoite- restricted genes (§||W 



biood stages 

ST SI 52 S3 S4 S5 S6 S7 SB S12 S13 S19S21 M 

host^ef binding. Whereas CSP is probably linked to the 
PM via a glycosylphosphatidylinosito! anchor, TRAP/ 
SSP2 is a type 1 transmembrane protein that can transmit 
genes). Twenty-five genes were redundantly recovered in a^^ward^fe^lja^ ' 
suppression subtractive hybridization screen designed to|enrich|J6r 
sporozoite-specific transcripts that are absent in blood <sfagesjpr*' * 

A. To verify stage-specific expression of the S genes^ c^A^^pWojsp 
(at to e5) were hybridized with labelled total cDNA.prob*es generated^ 
from Ryoelii salivary gland sporozoites (left) ancNpixed fjioodstages 
(right). As a control for the quality of the blood4Jtge c^sTaI^DNA 
fragment encoding the major merozoite surface prbil)#PyMSP^ was 
^ded (a6). f s0^ 

B. Reverse transcriptase-PCR was usedpd ve^^lurthe%ditferential 
expression of selected S genes. PCR-prociuct/of the.expected sizes 
were amplified for all tested S genes from^ajivary gland sporozoite 
total RNA (top) but not from mixed|blood-stage?total RNA (bottom). 



A negative control reaction withejuf RTw^mclLKJed for genomic DNA 
contamination using the S2 primers (-RT)j|nd a primer pair specific 
for MSP-1 (M) was used as a positive controJW the blood-stage RNA. 
Sizes of the DNA standards.(ST)?arergtven in basepairs (bp). 

differential detection, of rare; transcripts. In contrast to our 
analysis that^etected\;P;yoe/// S19 expression only in 
spo rozo ites. ( FigAj^ v the P falciparum orthologue of S19 
was equally; detected Jn sporozoites and blood stages by 
microarray analysis. 

S^encgdes^a novel putative Plasmodium sporozoite 
C3HV'?inbyfihger protein 

The 23 novel S genes have not been studied previously 
© 2004 Blackweli Publishing Ltd. Molecular Microbiology 



ph extracellular recognition event to the parasite's interior. 
Like CSP and TRAP, 12 of the 23 novel S proteins contain 
putative N-terminal signal sequences, suggesting that 
they are targeted to the secretory pathway and may 
become surface exposed, either constitutively or by induc- 
ible secretion through the apical organelles. The S6 gene 
encodes an intriguing 2689-amino-acid protein. It contains 
a transmembrane domain and a 47-amino-acid cytoplas- 
mic domain in its C-terminal portion that is typically found 
in members of the apicomplexan TRAP family (Fig. 3) 
(Menard, 2001). The defining features of this domain are 
a penultimate tryptophan residue together with multiple 
negatively charged residues that are vital for sporozoite 
motility and invasion (Kappe era/., 1999). Recently, it was 
shown that the TRAP family cytoplasmic domains interact 
with aldolase, which in turn interacts with actin (Jewett and 
Sibley, 2003). In its putative extracellular portion, S6 con- 
tains highly repetitive sequence elements and a 1424- 
amino-acid region with homologies to immunoglobulin-like 
domains (e-value 9e-46). The presence of this domain, 
which is associated with protein-protein and protein- 
ligand interactions, in a sporozoite-restricted protein 
implies its involvement in a specific recognition event, 
possibly during hepatocyte invasion. 
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Another protein of interest is S13, a putative secreted 

M£ ! '-vV . . . 



protein v bearjngv, a domain with significant similarity to 
membraneNaftack complex/perforin (MACPF) domains (e- 
value*.' T:5e':£9). This domain is present in pore-forming 
proteins^! mammalian complement system and perforin 
(Liu era/., 1995; Morgan, 1999). We have shown recently 



that this Plasmodium perforin-like protein (PPLP1) local- 
izes to the secretory micronemes of salivary gland sporo- 
zoites (Kaiser etat., 2003). 

The S21 gene encodes a novel protein that we named 
TRSP (ihrombospondin-related sporozoite protein). The 
complete open reading frame (ORF) was determined by 
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Fig. 2. Schematic diagram of the predicted primary structure of the R yoelii sporozoite-specific (S) gene products. Putative cleavable signal 
peptides are indicated by red boxes, putative transmembrane domains are shown as blue boxes, and repeat regions as striped areas. Putative 
domains with assigned functions are represented by coloured boxes. For each S gene, the number of clones identified in the suppression « 
subtractive hybridization screen, the respective GenBank™ accession number of the Pyoe///gene and the corresponding R falciparum orthologues 
with GenBank™ accession number and the percentage of amino acid identities are shown. The values for microarray induction of P. falciparum *? 
S gene orthologues were calculated based on published data (Le Roch era/., 2003). For each R falciparum S orthologue, the ratio ol sporozdte^V 
expression and the mean expression of asexual stages generated by two different synchronization methods is displayed as 'fold indjJCtion'>^:C 
Sporozoite expression levels below 30 were set as low expression, because similar expression levels in blood stages are often accornpanied by N/ 
relatively large variations among the two synchronization methods. A-domain, von Willebrand factor A-domain; CTD, TRAP-famiiy^c^oplasmic v 
tail domain; GPI, glycosylphosphatidylinositol anchor; Ig-like, immunoglobulin-like; KISc, kinesin motor catalytic domain; MACPF, mernbrane attack 
complex/perforin; PH, pleckstrin homology domain; Rl, region I; Rill, region III; TSR, thrombospondin type I repeat; Zn-f, zinc fingefcv Mf 

V.?.~-:r-^,v/ :. / 



comparison of cDNA obtained from sporozoites and 
genomic DNA. This analysis revealed two introns and a 
spliced ORF encoding a 174-amino-acid protein with a 
predicted molecular mass of =18 kDa. The predicted pro- 
tein has a putative N-terminal cleavable signal peptide 
and a carboxyl-terminal hydrophobic region that could 
serve as a membrane anchor (Fig. 4A). The P yoelii and 
R falciparum genes have an identical exon/intron struc- 
ture, and the deduced proteins share 43% amino acid 
sequence identity (Fig. 4A). We also noted the conserva- 
tion of the short cytoplasmic tail (IKKKl) between the two 
species. Both proteins bear a thrombospondin type 1 
repeat (TSR) domain (e-value 3.9e-1 1 ). TSR domains are 
adhesive modules that bind to sulphated glycoconjugates. 
They are found in a variety of metazoan proteins such as 
thrombospondin, properdin, complement components 
and neural adhesion glycoproteins (Adams and Tucker,,*^ 
2000). In Plasmodium species, TSRs are found in C$^f^ 




Immunoblot analysis using polyclo^^ rabb|? antisera 
raised against a recombinant S|Ji!^ISP^G§T^fusion pro- 
tein and total protein isolated^ tom&Mpelii oocyst sporo- 
zoites and salivary gland spor^grtes revealed two bands 
of =20 kDa and « 1 0 ||^^fjpar|n^ molecular mass in 
each sporozoite popu1ation^(^ig. 4Dj. The higher molecu- 
lar mass band may correspond to the full-length protein, 
which has a predicted mas%jof 18 kDa. The 10 kDa spe- 
cies is possjg^ggcleaved N-terminal fragment of S21/ 
TRSP. Th^a^semf^eacted with P. yoelii salivary gland 
sporozoitesland^oocys? sporozoites in indirect immunoflu- 

/c> AW r 

orescence assayxf(IF?A), resulting in a unique, polarized 
staining pattern £t one end of the sporozoite (Fig. 5). Dual 
IFA> witMthe r s|Sfozoite micronemal protein TRAP, using 
r ^^^ var y 9'M^ s P orozo ' tes ' revealed that the TRSP fluo- 
0 reseent signal is distinct and does not overlap significantly 



withfrle>TRAP signal (Fig. 5A). This suggests that TRSP 

does not localize to the micronemes. Dual IFA with CSP 

mi f-t\ 

TRAP and in CS protein TRAP-related protein (CTR|) in|oocyst sporozoites showed that TRSP localization is 
(Trottein etal. f 1995). Hybridization of R yoelii jglivaty^J: also distinct from the localization of this surface protein 



gland sporozoite cDNA and mixed blood-stage cfgNA.with 
a S27/77?SP-specific probe confirmed expression 
sporozoites and the lack of expression ingbtgod^stages ' 
(Fig. 4B). To investigate transcript levelsjjpf 'S21/T-^SPAr\ 
the transition from oocyst sporozoites^o^|^ivary%land 
sporozoites, we used quantitative ^aJ|time|rBVBrse tran- 
scriptase PCR (QRRT-PCR) using^gVn^specific oligonu- 
cleotide primers and total RNA|lsolated from" the two P. 
yoelii sporozoite populations^as^a^tefnplate. The QRRT- 
PCR detected S2 1 /TRSP iiranscr\p\s inloocyst sporozoi- 
tes and salivary gland (sporozoites^ with slightly higher 
transcript levels in jalivany^gland /porozoites (Fig. 4C). 




(Fig. 5B). The fluorescent pattern of TRSP instead 
revealed an elongated structure, sometimes appearing 
bilobed, that extends from the sporozoite mid-portion to 
one extreme end. This fluorescent pattern may indicate a 
localization of TRSP to the rhoptries, paired elongated 
organelles in sporozoites that extend from the mid-portion 
of the parasite to the apical end where both rhoptry lobes 
converge on the apical prominence (Aikawa and Sterling, 
1974). Unfortunately, no sporozoite rhoptry proteins have 
been identified thus far, precluding co-localization studies. 

Four single-exon genes, S3, S4, S7 and S12, encode 
low-molecular-mass proteins each carrying a putative 
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Fig r 3, v S6 hasfafTRAP family-like cytoplasmic domain. An amino acid sequence alignment of the putative cytoplasmic domains of P. falciparum 
S6 (RIS6) and P. yoelii S6 (PyS6) and the cytoplasmic domains of R falciparum TRAP (PfTRAP), R yoelii TRAP (PyTRAP), P. falciparum CTRP 
and Toxoffa'sinna gondii MIC2 (TgMIC2) are shown. TRAP-like cytoplasmic domains show little overall amino acid sequence conservation but 
share a functionally important penultimate tryptophan residue and acidic residues. These features are conserved in S6. Conserved residues are 
shown in white with grey background. The acidic residues are shown in grey, and all other residues are shown in black. 
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Fig. 4. S21/TRSP is conserved among Plasmodium species. 

A. Amino acid sequence alignment of R yoefii TRSP (PyTRSP) and £ falciparum TRSP (PfTRSP). identical residues are shaded dark grey. 
Conserved amino acid changes are shaded light grey, and radical] changes are not shaded. The putative signal peptide is underlined with a solid 
line, and the cleavage sites are marked with arrowheads. ^tential^embra^e-spanning regions are underlined with a dashed line. Conserved 
residues of the thrombospondin type 1 repeat (TSR) domain are. marked by asterisks {'). The amino acid segment of PyTRSP expressed as a 
GST fusion protein is marked with a solid box. ( £ / / ^ 

B. cONA blot of mixed blood stages and salivary gland sporozoites^of P yoe//7 hybridized to a labelled TRSP probe. Transcripts are abundant in 

r» / o * 4 a ui U X» 



sporozoites (sgSpz), but no transcripts are detected \ in -mixec^ blood/stages (bs). 

C. Quantitative real-time reverse transcriptase (QRRT)-FiCR shows' similar TRSP expression in oocyst sporozoites (ooSpz) and salivary gland 
sporozoites (sgSpz). Transcript quantity is representedfesUhe|number of copies (±SD) in comparison with an external standard curve generated 
with gene-specific plasmids. Experiment was donesjn^triplicate! 

D. Immunoblot analysis of oocyst sporozoite^ooSpz) rand salivary gland sporozoite (sgSpz) extracts. The anti-PyTRSP antiserum specifically 
recognized two protein species that m\g^o6^^6l^^an6 =10 kDa in both sporozoite extracts. 



N-terminal cleavable signaip^tkJe^jn|addition, S3 and 



S7 harbour an internal Mgment|c^ hydrophobic amino 
acids that could functiorffias a transmembrane domain. 
Orthologous R falciparum -proteins were identified for S4 
and S7 but not for S3 and S.12. QRRT-PCR detected very 
low transcript levels^ for S^and S7 in oocyst sporozoites 
but high transcrjpt^jeVels|in salivary gland sporozoites, 
corresponding^t'd^^OO^old increase in transcript abun- 
dance for/53 and a;25-fo!d increase for S7 in salivary 
glandf sporozoites (Fig. 6A and B). A control QRRT-PCR 
for 7RA^e|ecieci high levels of TRAP transcript in both 
s^/ozoite populations (Fig. 6C). Hybridization of salivary 
glan'ci sporozoite cDNA and mixed blood-stage cDNA 
with Ssfcand S7-specific probes confirmed their expres- 
sion in sporozoites and their lack of expression in blood 



stages (Fig. 6D and E). Similar expression patterns were 
observed for S4 and S12 (data not shown). Immunoblot 
analysis of total protein isolated from oocyst sporozoites, 
salivary gland sporozoites and mixed blood stages using 
polyclonal rabbit antisera raised against a recombinant 
S3-GST fusion protein revealed a single band of 
-30 kDa apparent molecular mass in salivary gland 
sporozoites. No reactivity was observed in oocyst sporo- 
zoites and mixed blood stages (Fig. 6F). The slow migra- 
tion of S3 (predicted mass of 23 kDa) in SDS-PAGE gels 
may be caused by the protein's high and unevenly distrib- 
uted charge. Polyclonal mouse antisera raised against a 
recombinant S7-GST fusion protein did not react with 
parasite extracts in immunoblot analysis. We examined 
the localization of S3 and S7 in sporozoites by I FA 
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Fig. 5. Localization of R yoelii TRSP in 
sporozoites. 

A. Dual indirect immunofluorescence < 
(I FA) on salivary gland sporozoites with antise- 
rum specific for PyTRAP, a sporozoite micron- 
emal protein, and with antiserum specificjttoy* 
PyTRSP. TRAP staining is internal and not^ 
restricted to one pole of the s P°p^^^gSP^ 
has a different distribution, showing an internal, 
bilobed staining pattern that exSnds from tRi 
nuclear region to the apical end^ttje spojgzo- 
ite where the two lobes see^gTy^jverge. 

B. Dual IFA on oocyst^po%zoiteS|With antise- 
rum specific for PyCSp|a sporozoite surface 
protein, and with antiserum specific; for 
PyTRSP TRSPJocaJza^o^s^ ; d^nct from the 
surface-localize^^^ The^Slning patterns 
are most cor^ster^^t^RSP localization to 
the paired rhpp^^rganeifes. The sporozoite 
nucleuses visualized with 4',6-diamidino-2- 
pheny]po1|tpAPt^Gale bar is 1 urn 



(Fig. 7). The S3 and S7 staining of salivary gland sporo- 
zoites appeared to be internal and granular, with no 
staining observed in the nuclear region. Co-localization 
of S3 with TRAP, which has previously been localized to 
the micronemes, showed extensive overlap of the fluo- 
rescent signals (Fig.7A). Co-localization of S3 with S7 
showed similar expression patterns with extensive but 
not complete overlap (Fig. 7B). The S3 and S7 IFA pat- 
terns are different from the IFA pattern obtained forTRSJ 
(Fig. 5). 
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Discussion 



We havejjsedfdifferential transcriptome profiling to iden- 
tify genres tot aiMex pressed in the Plasmodium sporo- 
zoit^ s ja|^But^r|pt in the merozoite or other blood stages 
p^the^p^rasitef Somewhat surprisingly, 12 out of the 23 
identified^lfirentially expressed novel genes encode pre- 
secreted or membrane-bound proteins that are 
probably positioned in the sporozoite apical organelles or 
the sporozoite surface. Although the SSH screen is not 



Fig. 6. Stage-specific expression of PyS3 and 
PyS7. 

A and B. Quantitative real-time reverse tran- 
scriptase (QRRT)-PCR analysis shows signifi- 
cantly different transcript levels for S3 and S7 
in oocyst sporozoites (ooSpz) and salivary 
gland sporozoites (sgSpz). Transcript levels in 
salivary gland sporozoites are -_200-fold 
higher for S3 and =25-fold higher for S7 com- 
pared with oocyst sporozoites. 
C. Control QRRT-PCR amplification for TRAP 
shows similar transcript levels among sporozo- 
ites. Transcript quantity is represented as the 
number of copies (±SD) in comparison with an 
external standard curve generated with gene- 
specific plasmids. Experiment was done in 
triplicate. 

D and E. cDNA blots of mixed blood stages and 
salivary gland sporozoites of P. yoelii hybridized 
lo a labelled S3 probe (D) and S7 probe (E). 
Transcripts for S3 and S7are abundant in sal- 
ivary gland sporozoites (sgSpz), but no tran- 
scripts are detected in mixed blood stages (bs). 
F. Immunoblot analysis of oocyst sporozoite 
(ooSpz), salivary gland sporozoite (sgSpz) 
extracts and mixed blood-stage (bs) extracts 
with the anti-PyS3 antiserum. A protein species 
that migrated at «30 kDa is only detected in 
salivary gland sporozoite extracts but not in 
oocyst sporozoite and mixed blood-stage 
extracts. 
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Fig. 7. Localization of R yoelii S3 and S7 in 
salivary gland sporozoites. 

A. Dual IFA with antiserum specific for PySS 
and antiserum specific for PyTRAR The J& 
merged fluorescent image reveals highlwsJSilar. 
S3 and TRAP staining patterns, both sn^ipg] 
internal, granular localization that is not 
restricted to one pole of the spo^^^^and 
excluded from the nuclear regiqlff^ * 

B. Dual IFA with antiserum specific for PyS3j 
and antiserum for PyS7. The merged fluojfs- 
cent image reveals extenswe^but nojconjplete 
overlap of the S3 anc|^7^si§na^|Like S3, S7 
shows internal, granular localizatfcm that is not 
restricted to one polejStahe sporozoite and 
excluded from tr^eirwcle^^egion^fhe sporo 



ite nuclei were; 
is 1 u.m. 



exhaustive for the identification of differentially expressed 
genes, it appears that a significant proportion of sporozo- 
ite transcripts encode secreted or membrane-bound 
proteins that are not expressed in merozoites. We 
investigated the potential apical organelle localization for 
three of these proteins. S21/TRSP showed a staining 
pattern that was consistent with a possible localization to 
the rhoptries. S3 and S7 showed a similar expression 
pattern when compared with TRAP, suggesting that both ^ 
may be micronema! proteins. We have also recently invesjfj 
tigated the localization of S13/PPLP1 by IFA and immu- 
noelectron microscopy, showing that it is a spoipzo'HIk 
specific micronemal protein (Kaiser etai., 200^P^rev}^ 
ously, the similarity of the protein composition oJ|hea^ical^ 
organelles and the surface of sporozoites and m^rpgoite^^ 
had not been well addressed. Numerousfml%zolt%sS'r- 
face proteins and proteins of the apical complex, have 
been identified (Preiser era/., 2000; Berzins; 2002)?some 
of which have also been shown tqibifepressedin sporo- 
zoites using available antibodieJF (Grun^we/a/.. 2001; 
Kappe etai, 2001; Preiser era/.;X 2002). A' recent pro- 
teomic analysis of P falcipalurr^'sporozolXes (Florens 
et a/., 2002) identified peptides matching various merozo- 
ite apical organelle andfsurface proteins, indicating that 
the two stages may^have^ large number of invasion- 
related proteins /ih^'common. "Conversely, the two thor- 
oughly characterized invasion -related sporozoite proteins, 
the surface <prote in "GSP^and the micronemal protein 
TRAP. are.. sporozoite specific. Clearly, sporozoites need 
unique Surface ^arid^apical organelle proteins to interact 
specifjcally v with s the mosquito salivary glands and mam- 
mal ian v fiepatocytes but not red blood cells, which they 
encounter frequently in the bloodstream after inoculation 
by mqsguito -bite. Our study substantially expands the set 
of sporbz'dite-specific putative apical organelle proteins, 
which up to now consisted solely of TRAP. Some of the 




sporozo- 

'isualizedlvith^CfAPI. Scale bar 



novel proteins carry domainsjthat are likely to be involved 
in sporozoitejpsalivaj>y gland and sporozoite-hepatocyte 
interactionslfFor example, TRSP is the fourth Plasmodium 
protein||dentrfier^UiaJ.contains a consensus TSR (Adams 
and^cker^2ob|)pfSR motifs are also present in CSP 
andiliRApfeach^ carrying a single TSR, and in the ooki- 
, net e- expressed protein CTRP, which carries seven TSRs 
^^Menard 72001). TSRs mediate binding to sulphated gly- 
f cocprijugates. The consensus-conserved motifs of TSRs 
t are th#amino-terminal tetrapeptide WXXW that can act 
|£s a heparin-binding motif (Guo etai, 1992a,b) and a 
jplrboxyl-terminal cluster of basic residues. This cluster, 
g^which is also present in the TSR of CSP, was shown to 
bind sulphated glycoconju gates (Sinnis etai, 1994; Gantt 
era/., 1997). In addition, a central motif in the TSR of 
thrombospondin (CSVTCG) was described as a cell adhe- 
sion motif (Tuszynski et aL 1992). A study using sporo- 
zoites with introduced mutations in the TSR of TRAP 
indicated that this module facilitates sporozoite entry into 
the mosquito salivary glands and hepatocytes to a similar 
extent (Matuschewski etai, 2002b). Based on the exquis- 
ite conservation of the TSR module in TRSP, it is likely 
that this protein has adhesive properties. As TRSP is 
expressed in oocyst sporozoites and salivary gland sporo- 
zoites, it might act in concert with TRAP or CSP during 
sporozoite-host cell interactions in the mosquito vector 
and the mammalian host, a possibility that surely warrants 
further investigation. 

PfS7 was described previously as a partial open read- 
ing frame (ORF; orfP) that had a subtelomeric location on 
chromosome 13 of P. falciparum (Sallicandro et at. t 2000). 
The region of chromosome 1 3 containing PfS7 was shown 
to be frequently deleted in laboratory lines of P. falciparum 
that were maintained in in vitro blood stage culture but this 
deletion was not found in P. falciparum field isolates (Sal- 
licandro etai, 2000). These data suggested that the 
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salivary glands of infected A. Stephens'! mosquitoes were 
obtained. The sporozoites were purified over a DEAE-cellu- 
lose column resulting in 5.2 x 10 5 highly purified parasite's. 
Poly(A) + RNA was isolated from these sporozoites using 
oligo(dT) columns (Invitrogen). The poty(A) + RNA waslLKysdJ 
as a template for first-strand cDNA synthesis and onesuj||. 
sequent round of amplification using the SMAR^^^^Nj^ 
synthesis kit (Clontech). This cDNA populationjwas use^s 
the tester population. A control reaction withoul^^erse tran- 
scriptase did not result in detectable amplificatioil^nfirming 
the absence of genomic DNA contaminatio^fe 
population, we combined poly(A) + RNi|psolate<Ffrom around 
5 x10 s P yoelii gradient-enriched scr^ont-stag^ parasites 
(>98% schizonts), obtained afte^|gpvl^^e^ocytes and 
thrombocytes by Plasmodipur^ratioftEurod^nostics) and 
subsequent saponin lysis. Th^p^ejaratiop?was mixed with 
50 dissected uninfected saliyar^glands. Next, the first-strand 



region was maintained by selective pressure exerted on 
the parasites' pre-erythrocytic stages that undergo natural 
transmission through the mosquito vector. We have shown 
here that PyS7 is indeed a sporozoite-expressed protein 
and that it is not expressed in blood stages. Furthermore, 
we showed previously that $7 and S3 transcript expres- 
sion was upregulated when sporozoites entered the mos- 
quito salivary glands (Matuschewski era/., 2002a), and 
we confirmed the expression patterns in this study using 
QRRT-PCR. Thus, S7 and S3 may be important for the 
initial infection of the mammalian liver by the sporozoite 
stage. Recently, a family of blood stage-expressed, low- 
molecular-mass proteins named early transcribed mem- 
brane proteins (ETRAMPs) was characterized in R falci- 
parum (Spielmann era/., 2003). The study placed PfS7 
as ETRAMP13 within this family. In accordance with our 
results, no blood-stage expression of transcripts was 
detected for S7/ETRAMP13. Interestingly, blood stage- 
expressed ETRAMPs localized to the parasitophorous 
vacuole membrane (PVM) of intraerythrocytic stages and 
formed distinct PVM domains within the membrane when 
their localization was compared with the previously 
described PVM protein exported protein-1 (EXP-1) (Sim- 
mons etal., 1987). It is thus possible that S7 and S3 are 
secreted during sporozoite invasion and may become 
associated with the PV of the liver stages, but this remains 
to be determined. 

Differential expression of a single genome that manigfl^ pr ° 9ra 4^ , , , • • , 

K a 3 sequences of clusters containing two or more cDNA 

tests itself in the distinct unicellular Plasmodium life cygle s t quen ces were used to retrieve the complete genes from 
stages, each uniquely adapted to its respective host ti|j^ Jg r y0 elii genome database at the Institute for Genomic 
sue, is a poorly understood phenomenon. We established ..y -^Research {http://www.tigr.org) by blastn search. The R yoelii 
that sporozoites differ significantly in gene B|pres|fen^ proteins were predicted using NCBI orf finder (http:// 
from merozoites and that there are significant dif^nces^ www.ncbi.nlm.nih.gov/gorf). Protein sequences were then 



cDNA synthesis and ojefro^d offeliNA amplification (28 
cycles) was performed^bppjession sub-tractive hybridization 
was achieved using tr^jgpR -Select cDNA subtraction kit 
(Clontech). The subtractelf|ElNA population was ligated 
into vector pCR2$ : iTOPO (Invitrogen) and transformed into 
Escherichia ^b//^0^1O competent cells (Invitrogen). 
Sequencing|was don gat a DNA sequencing facility (Rock- 
; ' K vJligDye terminator cycle sequencing 
rimer. 



efeller University)^; 
with thf?lvl13jeveri 



Gene identification and sequence analysis 

£y Thejsubtracted P. yoelii cDNAs were clustered using the 
sequencher, version 3.1.1. The consensus 



with regard to the composition of their aoica^rgaliellesf 
This will certainly facilitate a better understanding of the 



unique aspects of sporozoite-target eel Interactions and 
sporozoite transformation into Iiver|stages/ 




Experimental procedures 

Parasites 

Anopheles stephensi mosquitoes wete reared at 28°C and 
75% humidity undera-C4 ; h light/I.O'h dark cycle, and adults 
were fed on a 10% r sucrose solution. Four- to 5-day-old 
female mosquitoes were blood fed on anaesthetized Balb/ 
cByJ mice thaghadebeenginfected with the R yoelii strain 
17XNL. Rodents^we re "assayed for parasitaemia by blood 
smear and \he .abundance of gametocyte-stage parasites 
capable^ of : exflagellation by wet mount. After the infective 
blood x meaL mosquitoes were maintained at 24°C, 80% 
humidity, "k" ' \ k; 

Generation^ subtraction libraries 

On day 14 after feeding, 1 .8 x 10 6 P yoelii sporozoites from 



used to search the GenBank™ non-redundant protein data- 
base and the PlasmoDB automated predictions of R falci- 
parum proteins (http://www.PlasmoDB.org) using blastp. 
Functional predictions were obtained using the translated 
protein sequence to screen the Pfam database (http:// 
www.pfam.wustl.edu/). The results were confirmed by modu- 
lar architecture research tool analysis (SMART) domain pro- 
file search (smart.embl-heidelberg.de). S genes for which our 
predicted protein sequence was different from the annotated 
sequences available through GenBank™ were submitted to 
GenBank™ and are available with the accession numbers: 
S4, AY427752; S6, BK001659; S10, BK001660; S13, 
BK001661; S15, BK001662; S21, BK001663; S22, 
BK001664; S23, BK001665; S24, BK001666. 

Dot-blot analysis 

A dot-blot analysis was used to confirm the expression of 
tagged genes in each population. Representative cDNA 
inserts were amplified by PCR. Approximately 1 ug of the 
PCR product was spotted on a nylon membrane, denatured 
and hybridized to stage-specific probes. Probes were pre- 
pared from cDNA of salivary gland sporozoites and mixed 
blood stages (1% gametocytes) and labelled using digoxige- 
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nin-dUTP (Roche Molecular Biochemicals). In the reverse 
analysis, cDNAs from salivary gland sporozoites and mixed 
blood stages were separated on agarose gels, blotted and 
hybridized to gene-specific probes. 



Reverse transcriptase-PCR 

Total RNA was isolated from salivary gland sporozoites and 
mixed blood stages using Trizol (Invitrogen). RNA was treated 
with DNase I (Invitrogen) to remove contaminating genomic 
DNA and used as template in RT-PCR with gene-specific 
oligonucleotide primers. Sequences are as follows: S1 
(sense, 5'-TCTTTGTGGATATGCCCATGG-3'; antisense, 5'- 
TCTGCATTTCCACTG ATTCATACA-3') , S2/CSP (sense, 5'- 
AGCCCAAAGAAACTTAAACGAGC-3'; antisense, 5'-GCC 
AAGTAATCTGTTG ACTATATTTCG A-3') , S3 (sense, 5'-CTT 
GCTTGTATGCACCCTGAAG-3'; antisense, 5'-GGTATGGA 
TTTTCGACTGGGC-3'), S4 (sense, 5'-TTTCTTGAAGGTGG 
AGTCGAATC-3'; antisense, S'-TTTCATTGGTAATTGTTTCG 
GCT-3'), S5 (sense, 5'-CATCATGGGACGAATTACCACA-3'; 
antisense, 5'-CCTG G AAAGG CTACTG CG G -3') , S6 (sense, 
5'-GGGTACATGTGATGCTGGCTATAA-3'; antisense, 5'-ATC 
TCTACTTTTTCTTTGTTCTTCCGTG-3'), S7 (sense, 5'-ATG 
TGAAACTAGCTGCTAAACACCA-3'; antisense, 5'-ACATCC 
TTATTTTC ATCTAAAGTCTG G AC-3') , S8/TRAP (sense, 5'- 
CATCTGACTCAGAAGTAGAATATCCAAGA-3'; antisense, 5'- 
TATG GGTTATCACCTG GTGATGG-3'), S12 (sense, 5'-TGT 
GTATAAACAATGAAAAGAGCCAGTA-3'; antisense, 5'-TGGT 
TTCTAAATGGTTATCTGTTTCATTT-3') , S13/PPLP1 (sense, 
5'-AATGATGCAGATAACGAAGGTGG-3'; antisense, 5'-TAT 
GTTTATCMTTACACTTTCTGGGTTTr-3'), S19 (sense, 5% 
CGAGATTATGATCCTGAAAAAGGATATA-3'; antisense, M 
TGACATCTCCAAGATCCATAACCTC-3'), S21/TRSP (ser||, 
5'-GATGGACAGAATGGTCGCAGT-3'; antisense, 5^TTp\ K 
GAACAGAGTAATGAATAAATAGGGTTACTAC-3'). ^ ^ 



Green I® (PE Applied Biosystems). Reactions were sub- 
jected to one cycle of 10 min at 95°C and 45 cycles of 15 s 
at 95°C, 1 min at 60°C. Real-time RT-PCR experiments were 
done in triplicate. 



Recombinant protein expression and purificat{0^. 





Quantitative real-time RT-PCR ^ T> 

Two million salivary gland and 2 million oocyst sporozoites of 
P. yoefii were purified over a DEAE-cejiulose^coiumh to 
remove contaminating mosquito tissue, yielding 500 000 
highly purified parasites for each rjoj3Ulatjgn.^TotaPRNA was 
isolated using the RNeasy Mini kit|(^ge|i^Bf^ was treated 
with DNase I (Invitrogen) to remol?l^pn!aminating genomic 
DNA. Twenty nanograms oJ^||pCgfpr elifch^sporozoite popu- 
lation was used as a template inli^strahd cDNA synthesis, 
using the TaqMan® reverse transcriptase kit (PE Applied 
Biosystems). Gene-specificjoligonucleotide primers were 
designed using the primer Express software (PE Applied 
Biosystems) and are the same as those used for regular RT- 
PCR. PCR fragments^ere.cipned into plasmid pCR4 (Invit- 
rogen). Each'piasmid construct was used in a 10-fold dilution 
series (10^pies^s10^ copies, each in triplicate) to deter- 
mine a siandardxUrve;>The standard curve plots the thresh- 
old value (Ct)^ N defined as the cycle number at which reporter 
dye fluorescehtiantensity increases over background, over 
plasmid c6py>number. Absolute transcript copy number for 
each^gene jis? calculated based on the external standard 
curve^Real;time RT-PCR amplification was done in a Gene- 
Amp® 5700 sequence detection system (PE Applied Biosys- 
tems) using the double-stranded DNA-binding probe SYBR 



A GST fusion protein corresponding to amino|acids 78-^2^24 
of PyS3 was generated with two oligonucleotideslcontaining 
a 5' EcoRI site and a 3' Xho\ site (sense^5|gaattcG@GTC 
CGAGAAAAATTTGGAATTAG-3'; antis|n^er^%cgagTTATA 
TGTATGGGTCAAATGGTTTATC-3'). MpST fusion protein 
corresponding to amino acids 8^216t^gyS^was gener- 
ated with two oligonucleotides c^on1a^jn^l%ifecoRI site and 
a 3' Xhol site (sense, 5'-ga^tTcTGp^T^ATAAAGGAAGA 
CATGATTGG-3'; antisense, 5 ^tcga gTTATT GTTCTTTAAG A 
AAATGCTCCACGCC-^^gS^&ipn protein correspond- 
ing to amino acids 23^5^ ipe N-terminal portion of PyS21/ 
TRSP (see Fig. 4) wasjgenerated with two oligonucleotide 
primers containing a 5' EcoFtl x site and a 3' Xho\ site (sense, 
S'-gaattcGAATTCCCCCA/^eAATGATACATTCTTA-S'; anti- 
sense, 5'-ctcg|p^^ 

Mill i-3^)^fter re|triction endonuclease digestion, the 
PCR produc^were inserted in frame into the pGEX-4T-1 
expression vector -(Pharmacia). E. coli BL21-rosetta cells 
(Novagen)|were transformed with the recombinant expres- 
sion^ec^T Fusion proteins were purified on glutathione 
< S e p h a ros e v 4 B/ ( P h a r m a c i a ) and eluted with reduced glu- 
tathione. Fifty micrograms of the S7-GST fusion protein, 
suspended in phosphate-buffered saline, pH 7.4 (PBS), with 
FreuticTs adjuvants was injected subcutaneously into female 
BALB/cByJ mice at 3 week intervals. Two weeks after the 
Second boost, blood was collected and serum was isolated. 
^Polyclonal immune serum to the S3-GST fusion protein and 
Whe S21-TRSP-GST fusion protein was prepared by immu- 
nization of rabbits using the same immunization schedule as 
for S7 but 100 u.g of each fusion protein. Normal mouse 
serum was taken from the non-immunized 8ALB/c mice, and 
normal rabbit serum was taken from the non-immunized rab- 
bits before immunizations 



Immunofluorescence microscopy 

For immunofluorescence, salivary gland sporozoites were 
isolated and air dried on slides. The parasites were fixed with 
2% paraformaldehyde (Sigma) and incubated with antisera. 
PyS7 was detected with the mouse polyclonal anti-S7-GST 
fusion protein antibody (1:500). PyS3 was detected with 
the rabbit polyclonal anti-S3-GST fusion protein antibody 
(1 :500). PyS21/TRSP was detected with the rabbit polyclonal 
anti-S21-TRSP-GST fusion protein antibody (1 :500). Bound 
antibodies were detected using Alexa Fluor 488- and Alexa 
Fluor 594 (Molecular Probes)-conjugated anti-mouse and 
anti-rabbit secondary antibodies. Bound anti-TRAP and anti- 
CSP was detected using Alexa Fluor 594 (Molecular Probes)- 
conjugated anti-mouse secondary antibodies. 



Immunobfotting 

Sporozoite and mixed blood-stage proteins were solubilized 
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in sample buffer and separated on 10% polyacrylamide gels. 
Molecular weights were verified using a prestained molecular 
mass marker (Bio-Rad). Proteins were transferred to nitrocel- 
lulose (Bio-Rad) membranes by electroblotting. After transfer, 
membranes were blocked in 1x TBS-5% milk and then incu- 
bated with a 1:1000 dilution of anti-S21-TRSP antisera or a 
1 :3500 dilution of anti-S3 antisera. Membranes were washed 
and then incubated for 1 h at room temperature with a horse- 
radish peroxidase-conjugated secondary antibody. Mem- 
branes were washed again, and immunostained proteins 
were visualized with enhanced chemiluminescence detection 
(Pierce). 
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We have created a second Plasmodium berghei parasite that is genetically attenuated at 
the sporozoite stage. This was done by targeted disruption of a gene (knockout, ko) 
named S7/UIS3 (the mutant P. berghei parasite clone is herein referred to as: S7/UIS3 
ko). The gene disruption (Menard and Janse, 1997) was done using insertion of a 
selectable marker into the S7/UIS3 locus. 

The S7/UIS3 (accession number: EAA22537) gene was previously identified by using 
differential gene expression screens with the related rodent malaria parasite species P. 
yoelii (see appended paper in press). 

The S7/UIS3 gene is not expressed in the parasites blood stages (see appended paper in 
press). S7/UIS3ko parasites are not defective in blood stage replication. The S7/UIS3ko 
parasites also show normal development of the mosquito stages of the parasite and 
develop normal numbers of sporozoites in the mosquito salivary glands. S3/UIS4ko 
sporozoites also infect the liver of experimental mice. However, S3/UIS4ko parasites are 
defective in complete liver stage development and thus unable to initiate subsequent 
blood stage infection. We will test S7/UIS3 for their capacity to induce sterile protection 
against subsequent infectious wildtype sporozoite challenge. We have identified a P. 
falciparum S7/UIS3 ortholog (Pfl 3JJ012). 



